I. Cross sections and FTIR analysis
Sample IS2, collected from the left side of wall painting fragment (lowest section of the central nun's black cloak, Figure S1a ), was initially examined at 10-45x magnification with a binocular microscope, photographed, and its stratigraphy documented. The sample was then mounted as cross-section and examined with a Leica DM 4000M optical microscope in visible ( Figure S1b ) and UV ( Figure S1c ) incident light. The blue fluorescent layer, visible on both the upper layer and the cracks of the sample in Figure S1c , was investigated using attenuated total reflectance-Fourier transform infrared microscopy (ATR-FTIR) imaging directly on the paint cross-section ( Figure S2 ). Spectra were acquired using a Bruker Tensor 27 FTIR Spectrometer connected to a Hyperion 3000 Series microscope, fitted with a mid-band MCT detector (range = 12,000 -600 cm-1) and a 64 × 64 (4096 pixels) FPA detector (range = 4500 -900 cm-1). Both detectors were cooled with liquid nitrogen. Spectra were collected with 4 cm −1 spectral resolution and each spectrum was the sum of 128 scans. The microscope was fitted with a CCD camera, x-y stage (adjustment accuracy of 0.1 µm), knife-edge apertures and two glass objectives (4× and 20× magnification), a 15× Cassegrain objective and a dedicated ATR objective (20× magnification). The ATR had a germanium crystal with a tip size of 250 µm. Both spectrometer and microscope were purged with water-and CO 2 -free air. The chemical images were produced by attributing a colour to each pixel according to the integrated absorbance of a spectral band characteristic of a given compound. ). Amide I and amide II signals are characteristic for proteinaceous materials. A colour scale from high absorbance (red) to low absorbance (blue) is employed.
II. Proteomic Methodology

i. Sample preparation
The two sample sites were chosen to reflect the possibility that different materials may have been applied over the lighter-coloured and darker-coloured areas of the wall painting fragment. The surface material was removed using a scalpel and each sample displayed slightly different physical characteristics during this process. The material from the lighter-coloured area (sample OS6) separated in 'slabs', which curled in on themselves, while the textured surface in the darker area (sample OS7) prevented this from happening and the sample broke up into smaller fragments during removal. However, a similar clear, transparent substance was observed in both samples, which also contained opaque fragments of inorganic material.
Samples, <100 µg each, were transferred to separate Eppendorf Protein Lo-Bind tubes and incubated at 80ºC for 2 hours in 100 µL 2M guanidinium hydrocloride solution (GndHCl), along with a blank control. pH was adjusted to around 8.0 if needed. Proteins were digested under agitation at 37ºC in-solution, first with 0.2 µg rLysC (Promega, Sweden) for 2 h before being diluted to a final concentration of 0.6 M GndHCl using 25 mM Tris in 10% acetonitrile (ACN) in water and digested with 0.8 µg Trypsin (Promega, Sweden) overnight. Samples were then acidified to pH 2 using 10% TFA in order to quench digestion. Peptides were collected and desalted on in-house made C18 extraction stage tips as described by Cappellini et al. [1] Samples were stored at -18ºC until mass spectrometry (MS) analysis.
ii. nLC-MS/MS
Samples were eluted from the stage tips using 20 µL40% ACN in water and then 10 µL 60% ACN into a 96 well MS plate. Samples were placed in a vacuum centrifuge at 40ºC until approximately 3 µL of solution was left and then rehydrated with 5 µL of 0.1% TFA, 5% ACN.
Samples were then separated on a 15 cm column (75 μm inner diameter) in-house laser pulled and packed with 1.9 μm C18 beads (Dr. Maisch, Germany) on an EASY-nLC 1000 (Proxeon, Odense, Denmark) connected to a Q-Exactive HF (Thermo Scientific, Bremen, Germany) on a 77 min gradient. Buffer A was milliQ water. The peptides were separated with increasing buffer B (80% ACN and 0.1% formic acid), going from 5% to 30% in 50 min, 30% to 45% in 10 min, 45% to 80% in 2 min, held at 80% for 5 min before dropping back down to 5% in 5 min and held for 5 min. Flow rate was 250 nL/min. The column temperature was maintained at 40°C using an integrated column oven. A wash-blank method using 0.1% TFA, 5% ACN was run in between each sample to hinder crosscontamination.
The Q-Exactive HF was operated in data dependent top 10 mode. Spray voltage was 2 kV, S-lens RF level at 50, and heated capillary at 275°C. Full scan mass spectra were recorded at a resolution of 120,000 at m/z 200 over the m/z range 350-1400 with a target value of 3e6 and a maximum injection time of 25 ms. HCD-generated product ions were recorded with a maximum ion injection time set to 108 ms and a target value set to 2e5 and recorded at a resolution of 60,000. Normalised collision energy was set at 28% and the isolation window was 1.2 m/z with the dynamic exclusion set to 20 s.
Control samples
Mock-ups of egg white and glue mixed with pigments were prepared. The egg white was prepared according to traditional methods: carefully separated from the yolk, whipped until frothy, left overnight and then the froth removed [2] before being painted on a glass slide and dried overnight. Two different pigmented glue samples (one mixed with lead white and one with smalt) were prepared in 1978 by the National Gallery for experimental purposes. [3] Relatively small amounts of each of these were then processed using the same sample preparation as mentioned above. The only difference is that these samples were processed on a Q-Exactive HF-X mass spectrometer instead of an HF. In accordance with its optimised acquisition speed, the maximum ion injection time was adjusted from 108 to 118 ms. [4] Additional controls were obtained from two previously published archaeological bone samples from Japan, dated to AD 1657-1683, prepared with a similar methodology. [5] iii. Data Analysis
The resulting raw files (GeoG_1228 for OS6, GeoG_1229 for OS7, GeoG_1299 for glue+lead white, GeoG_1300 for glue+smalt, GeoG_1303/1303_2 for egg white) were analysed using the MaxQuant (MQ) software. [6] Several runs of the software were performed with different parameters and for different purposes (Table S1 ). Search 3 included previously published raw data [7, 8] from reference modern human (HeLa) cells used to initially identify, and exclude from further analysis, posttranslational modifications (PTMs) caused by sample preparation, unrelated with aging and UV irradiation (data not shown). MQ searches 4-6 included the two archaeological Japanese bones samples (original work reference: samples 296 and 302, described as Bone1 and Bone2 respectively in this paper) to assess PTMs caused by aging and chemical decay instead of UV damage. MQ Searches 7 and 8 examined the egg white and pigmented glue mock-up controls, respectively, to assess PTMs caused by sample preparation on these specific protein sources, which were observed in the surface of the wall painting. Parameters common amongst all runs are as follows (unless otherwise stated): tolerances were those preset for Orbitraps, using a tryptic search with up to two missed cleavages. Minimum peptide length was set to 7. Carbamidomethylation was set as a fixed modification, while methionine oxidation and hydroxylation of proline set as variable modifications, up to a maximum of 5 modifications per peptide. Protein identifications were supported by a false discovery rate (FDR) of 0.01 applied (same FDR for dependent peptides when applied) and manually filtered by at least 2 different non overlapping peptides. Contaminant proteins were assessed using the contamination.fasta provided by MQ which includes common laboratory contaminants. [9] These protein hits were excluded from further analysis. 
Calculation of deamidation
MaxQuant's "evidence.txt" file was used to calculate separate deamidation rates for Asparagine (N) and Glutamine (Q) for individual samples as follows. For each peptide-tospectrum match (PSM), each row in the evidence file, the number of Asparagines (num_N) and the number of deamidated Asparagines (i.e. Aspartic acid (D), num_N-2-D) were counted. The fraction of num_N to num_N-2-D was calculated and termed ratio_N-2-D. Analogously, Glutamines (num_Q) and deamidated Glutamines (i.e. Glutamic acid (E), num_Q-2-E) were counted and the ratio_Q-2-E calculated. Then, PSMs were collapsed to peptides per charge state by calculating a percentage of deamidation per unmodified peptide sequence and charge state as follows. A weighted average was calculated by multiplying the ratio-N-2-D, or ratio-Q-2-E, respectively, with the "Intensity" of the given PSM; The latter were summed and the result divided by the total sum of all intensity values of the respective unmodified peptide sequence, resulting in a deamidation rate between 0 and 1 for each unique peptide sequence and charge state (see Table S2 ). For the example given in Table  S2 the calculation would be (0/2*400 + ½*600 + 2/2*1000) / (400 + 600 + 1000), resulting in 0.65. The various charge states were collapsed to the peptide level by averaging, resulting in a separate deamidation rate for Asparagine as well as Glutamine, respectively. This set of peptide level deamidation rates was averaged to yield a deamidation rate per sample. The latter set was sampled with replacement (bootstrapped) 1000 times and therefrom the mean, the standard deviation, and the 95% confidence intervals calculated (see Figure S6 ) in order to gain an estimate of the error of the calculation. The code for this method is now freely available to the scientific community on GitHub (https://github.com/dblyon/deamidation). 
Evaluation of other PTMs
The analysis of degradation-related PTMs, excluding deamidation, was divided in two parts. The goal of the first search was unbiased discovery, i.e. assessing the presence of as many different PTMs as possible. In order to do this, the "dependent peptides" algorithm of MaxQuant, [10, 11] which searches for similarities between identified "base peptides" (usually unmodified) and non-identified fragmentation spectra, was used. For similar fragmentation patterns, the mass shift to the base peptide is calculated and located in the base peptide sequence by matching equal and shifted massed to the predicted fragment masses. Relevant modifications were identified by ranking the mass-shifts by occurrence (after reverse hits and contaminants are removed) and then counting how often the dependent peptides contained each mass shift at each amino acid. A second search was then carried out using variable modifications in order to map selected PTMs on all identified peptides for quantification purposes. The use of variable modifications instead of just dependent peptide search allows for the discovery of peptides that have no unmodified form detected.
To gain an initial indication of the PTMs caused by protein degradation, distinguishing them from the ones introduced by sample preparation, we analysed the rawfiles together with HeLa cell reference samples (search 3, data not shown). We identified a total number of 2365 distinct mass shifts, each representing a potential PTM. To accommodate for this large number, the mass shifts were ranked by their occurrence within the dataset. We identified relevant mass shifts potentially related with aging and UV irradiation by comparing the PTMs' occurrence between the aged painting samples and the modern HeLa references. For all mass shifts enriched in the painting samples, we determined modification site by counting the number of dependent peptides with a localised mass shift. Although this number does not take the abundance of the respective unmodified amino acid in a sample into account, it is a good proxy for the frequency of PTMs. All relevant mass-shifts were manually annotated by literature search [12] or checked for the elemental composition to determine the structure of the modification.
The PTMs that appeared more prevalently in the painting samples than the HeLa controls were then considered more likely to be caused by UV exposure or aging rather than sample preparation and were, therefore, used to initially generate hypotheses. We tested our hypotheses by re-analysing our data with a different database search approach using, first, a negative control of relatively similar age (archaeological bone samples), and, second, mockup modern controls of egg white and pigmented glue to better control for PTMs caused by sample preparation to the proteins found in the painting samples. To keep the search space manageable, we split each control analysis into three MaxQuant searches (searches 4-8): one for histidine-linked, one for aromatic amino acids-linked, and one for lysine-linked PTMs. As the number of variable modifications would exponentially increase the search space, we decided to search against a smaller database that only contained previously identified protein sequences. An advantage of variable modification search over the dependentpeptides search is the possibility to compare intensities and occurrence between PTMs and their unmodified counterparts directly. Although we expected to identify more modified peptides with the "variable modification" approach because it also considers combinations of PTMs, we identified fewer. This was possibly due to the different score cutoff calculations in MaxQuant, based on 1 % FDR and a minimum Andromeda score of 40 for variable modifications. To assess the degree of modification, we first tested an advanced label-free quantification method using relative peptide intensities of modified peptides compared to the unmodified counterparts' and other PTMs' intensities. This method, however, was not only complex, but it also failed to provide enough relative intensities to compare PTM quantities between samples. We solved this problem by using a simpler semi-quantitative approach. Therefore, we calculated the frequency of the individual PTMs and divided it by the total occurrence of the respective amino acid, in each sample:
1. Extraction of data from "modificationSpecificPeptides.txt" 2. Removal of decoy hits and potential contaminants 3. Extraction of unique peptide sequences 4. Lookup of PTM identification for every peptide, separately for each experiment 5. Counting occurrence of each PTM in each experiment, excluding potential false positives without an unmodified counterpart and redundant misscleaved peptides 6. Counting occurrence of the respective amino acid in each experiment, excluding overlaps 7. Result of "5." divided by "6." is an approximation of the degree of modification
The results represent the chance of a type of amino acid to be modified with a specific PTM in a sample. Since this value takes the total occurrence of the amino acid into account, it is comparable between samples with different peptide concentrations and identification rates. It is particularly helpful for modifications, which accumulate over time or in a concentration-dependent manner and need to be quantitatively analysed to assess aging and degradation. We were able to benchmark this semi-quantitative method by comparing relative amounts of lysine carbamidomethylation, a PTM caused during sample preparation and therefore constant across similarly processed samples. While the absolute counts of 26 modified peptides in the wall painting and 17 in the bone control samples might suggest that there is a difference, the results of the semi-quantitative approach are close to 6 % for both types of samples.
III. Detailed Proteomic Results
i. Protein/Species Identification
In both samples (OS6 and OS7), multiple egg white and collagen proteins were discovered, as well as their species source, where possible (Table S3 ). To be sure of the species identification, all identified peptides underwent BLASTp searches through the NCBI database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) [13] to validate species identifications and to rule out conserved peptides between species, as well as manual spectrum inspection using MQ viewer. The recovered peptides diagnostic for species identification are found in Table  S4 . For those genera only represented by one protein, additional care was taken to determine that these were genuine identifications and not those that could instead be explained by proteins from already identified genera with multiple, confidently identified, proteins. In the case of ovotransferrin, peptides covering multiple amino acid differences between chicken (Gallus gallus) and domestic mallard (Anas platyrhynchos) were detected in both OS6 and OS7. Figure S3 shows the alignment of these two proteins and their coverage for OS6. Additionally, MS/MS spectra of the peptides unique to mallard were also examined for quality and proper assignment ( Figure S4 ). Figure S3 : Alignment of ovotransferrin peptides recovered in sample OS6 from both chicken and domestic mallard proteins. Highlighting indicates coverage of protein recovered. Green squares indicate peptides recovered common in both proteins. Alignment was initially created using the COBALT tool from NCBI (https://www.ncbi.nlm.nih.gov/tools/cobalt/re_cobalt.cgi). [14] Figure S4a-c: MS/MS Spectra of ovotransferrin peptides not matching chicken, but instead domestic mallard. Amino acid differences between the two species at a position are indicated.
In the case of collagen 1 alpha 2, peptides covering multiple amino acid differences between sheep (Ovis aries) and probable cow (Bos sp.) were detected in OS6. MS/MS spectra of the peptides not matching sheep (not always exclusive to Bos sp.) were also manually examined to insure their proper coverage. Figure S5 shows an example of a spectrum specific to Bos species. 
ii. Deamidation
Very high levels of deamidation were observed on OS6 and OS7 peptides derived from animal glue (collagen), most likely caused by the extended heating and boiling of bones and skin to create glue. The egg white proteins show significantly less deamidation. It should be noted that while the egg white and contaminant proteins appear similarly deamidated ( Figure S6 ), the mean percentage of glutamine deamidation is over five times higher in the egg white, which occurs at a rate up to 10X slower than asparagine deamidation. [15] Given that the egg white is not nearly as old as most archaeological samples, this relatively low rate of deamidation is acceptable, and may indicate later application of the layer or particularly good preservation, since deamidation varies widely with age and is highly influenced by the environment. [16, 17] For example, archaeological average glutamine deamidation from the middle to late pleistocene bones (over 11,700 years ago) can range from around 43% for permafrost samples up to 82% for temperate samples, [18] a similar large variation was found by Schroeter and Cleland 2016. [16] Sampling location is also important, as shown in archaeological bones [19] , hence why deamidation was assessed by combining the two samples together to average out the damage, in case one sample was more damaged than the other, and gain a better picture of overall damage. 
iii. UV damage
Over all of the unbiased MQ dependent peptide searches, we were able to find modifications on 858 peptides, of which 484 were found in both analysed samples ( Figure  S7 ). In general, oxidation rates were high amongst the surface layer proteins for several amino acids and usually much higher when compared to the egg white and pigmented glue mock-up controls (except for Trp (W)), indicating age or UV-related oxidation of about half of the 20 proteinogenic amino acids (Table S5) . Table S5 : Mono-oxidation rates of amino acids found in the samples taken from the surface of the wall painting compared to modern controls
Counts of peptides with a mass shift of +15.9949 localized to a single amino acid. These are absolute counts of dependent peptides, and therefore not directly comparable. Egg Control is dried egg white, Glue control is glue and pigment mock-ups.
Oxidation
Site OS6 OS7 Egg CTRL Glue CTRL Many of these modifications were indicative of photo-oxidative (UV) damage, that can only occur to endogenous chromophores (Trp, His, Tyr, Cys, Meta and Phe) within protein backbone. Trp, His, Tyr, Cys, Meta and Phe absorb UV radiation at different wavelengths. All other amino acid side chains and peptide backbone bonds do not significantly absorb naturally-occurring UV irradiation (UVA and UVB). [20, [22] [23] [24] Photo-induced damage of proteins occurs via two major pathways -direct photo-oxidation by UV light (Type 1) and indirect oxidation by the singlet state oxygen 1 O 2 (Type 2). In direct photooxidation, electromagnetic radiation is absorbed by chromophoric amino acid side chains.This results in formation of excited singlet state species, which is followed by relaxation to the ground state and formation of the more stable triplet. [20] [21] [22] [23] Triplet state residues thereafter undergo electron ejection and either deprotonation, or Cα-Cβ bond cleavage. [24, 25] In the first case neutral radicals are formed, which are further involved in the radical type reactions with oxygen giving peroxyradicals. [20, 23, 26] Whereas Cα-Cβ bond photolytic cleavage results into intramolecular electron transfer and elimination of glycine radical. [24, 25, 27] In Type 2 photo-oxidation, chromophoric amino acid side-chains are rapidly attacked by the singlet oxygen, which can be obtained as a result of energy transfer from excited sensitiser to the molecular oxygen. [20, 21, 28] Photosensitizers can be both endogenous (flavins, porphyrins, vitamins etc) and exogenous (aromatic and polyaromatic compounds, dyes, and pigments) chromophoric species. In practice both Type 1 and Type 2 reactions happen simultaneously. Overall peroxidic species and their tautomeric forms (other di-oxidation products) obtained during photochemical reactions can be considered as marker intermediates distinguishing photo-oxidation from the standard mono-oxidation. [28, 29] Tables S6-7 summarise different oxidative PTMs of histidine and tryptophan side chains found in the samples taken from the surface of the wall painting compared to the mock-up controls and archaeological bones. Additionally, we find a mass shift (-80.0378 Da) consistent with C α -C β bond cleavage of His ( Figure S8 ), which results in the formation of glycine (Gly). [24, 25, 27] This cleavage is more abundant in the samples taken from the wall painting and the non-irradiated archaeological bone samples than in the mock-up controls (Table S8) Hypothetical mechanism for UV induced cleavage of Histidine to create Glycine, mechanism may be different for chemical damage. Based on Schoeneich [24] . Table S8 : C α -C β bond cleavage of Histidine and formation of Glycine in the samples taken from the surface of the wall painting compared to negative controls Counts of occurrence of glycine formation from histidine (H) in the samples from the painting surface layer, archaeological bones not exposed to prolonged UV light, and modern mock-up controls (from variable modification searches). 
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iv. Glycation products
Besides UV induced damage, dependent peptides revealed a high prevalence of mass shifts on lysine and arginine side chains indicative of glycation products. This modification generally appeared to a much lower extent in the bone and mock-up reference samples. Table S9 : Lysine and Arginine modified peptide counts found in the samples taken from the surface of the wall painting compared to archaeological bone samples Lysine and arginine relative PTM counts (%modified) when defined as variable modifications in MaxQuant search for comparison between the samples taken from the surface of the wall painting (OS6/7), mock-up egg white (Egg White CTRL), pigmented glue mock-ups (overall and individually) and archaeological bones (Bone 1 and 2) . Carbamidomethylation serves as negative control, as it is formed during sample preparation.
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